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ABSTRACT Peripheral benzodiazepine receptors (PBRs) are upregulated on acti-
vated microglia and are, thereby, biomarkers of cellular inflammation in brain. We
recently developed two PET ligands with an aryloxyanilide structure to image PBRs
and now evaluate the kinetics of these radiotracers in monkey to determine whether
they are suitable to explore in human. Baseline and receptor-blocking scans were per-
formed with [11C]PBR01 and [18F]PBR06 in conjunction with serial measurements of
the arterial plasma concentration of parent radiotracer separated from radiometabo-
lite. We used brain and plasma data with compartmental modeling to calculate re-
gional brain distribution volume, which is equal to the ratio at equilibrium of the con-
centration of radioligand in brain to that of plasma. The distribution volume of
[11C]PBR01 was inaccurately estimated in the baseline scans, possibly because of the
short half-life of 11C or the presence of radiometabolite in brain. In contrast, the distri-
bution volume of [18F]PBR06 was stably determined within 200 min of scanning, and
nondisplaceable uptake was only �10% of total brain uptake. [18F]PBR06 is promising
for use in human because brain activity could be quantified with standard compart-
mental models and showed higher ratios (�10:1) of specific to nonspecific uptake. A
critical factor for human use will be whether the tracer has adequately fast wash out
from brain relative to the half-life of the radionuclide to obtain stable values of distri-
bution volume. Synapse 61:595–605, 2007. Published 2007 Wiley-Liss, Inc.{

INTRODUCTION

The peripheral benzodiazepine receptor (PBR) was
initially discovered in peripheral organs (and thus its
name) but was later found in the central nervous sys-
tem. In all organs, PBR is a protein located on the mito-
chondrial outer membrane and a member of a trimeric
complex with adenosine nucleotide translocase and the
voltage-dependent anion channel (McEnery et al.,
1992). Although the physiological role of PBR is unclear,
it has been implicated in various functions, including
neurosteroid synthesis (Papadopoulos et al., 1997),
immunomodulation (Zavala, 1997), cell proliferation
(Okuyama et al., 1999; Schlichter et al., 2000), and apo-
ptosis (Bono et al., 1999). In normal brain, PBRs are
found primarily in glial cells, with especially high den-
sities in olfactory bulb, choroid plexus, and the ependy-
mal lining of the ventricles (Anholt et al., 1984; Bena-
vides et al., 1983; Cymerman et al., 1986; Schoemaker
et al., 1983). PBR expression is markedly increased in

activated microglia and reactive astrocytes (Banati,
2002, 2003), which are found following neuronal dam-
age and in several neurodegenerative diseases (Bena-
vides et al., 1987; Cagnin et al., 2002). For this reason,
positron emission tomography (PET) imaging of PBRs
has been used as a biomarker for neuroinflammation.
The most widely used selective ligand is (R)-N-
[11C]methyl-N-(methylpropyl)-1-(2-chlorophenyl)-isoqui-
noline-3-carboxamide ([11C](R)-PK 11195). Brain uptake
of [11C](R)-PK 11195 is increased in several disorders,
including Alzheimer’s (Cagnin et al., 2001a; Groom
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et al., 1995) and Parkinson’s diseases (Ouchi et al.,
2005), multiple sclerosis (Banati et al., 2000; Debruyne
et al., 2003), stroke (Price et al., 2006), Rasmussen’s en-
cephalitis (Banati et al., 1999), herpes encephalitis
(Cagnin et al., 2001b), amyotrophic lateral sclerosis
(Turner et al., 2004), and multiple system atrophy (Ger-
hard et al., 2003). However, a low ratio of specific to non-
specific binding may limit its sensitivity to detect thera-
peutic interventions. Its relatively high lipophilicity (c
log P ¼ 5.3) may have caused high nonspecific binding
in brain (Petit-Taboue et al., 1991).

More promising PET tracers for PBR have recently
been developed and have an aryloxyanilide structure
(Okuyama et al., 1999). N-([11C](2,5-dimethoxybenzyl)-
N-(5-fluoro-2-phenoxyphenyl)acetamide ([11C]DAA1106)
and N-(5-fluoro-2-phenoxyphenyl)-N-(2-18F-fluoroethyl-
5-methoxybenzyl)acetamide ([18F]FEDAA1106) have
successfully imaged PBRs in human and nonhuman
primates with high brain uptake and a high percent-
age of specific binding (Fujimura et al., 2006; Maeda
et al., 2004; Zhang et al., 2003).

We synthesized two aryloxyanilide compounds
that have high affinity and selectivity for PBRs:
([18F]PBR06 and [11C]PBR01) (Briard et al., 2005a,b)
(Fig. 1). The objective of this study was to assess the
utility of these two PET radioligands to quantify
PBRs in monkey brain. Using compartmental meth-
ods of measuring brain uptake relative to plasma lev-
els of the radioligand, we found thatN-[18F]-fluoroacetyl-
N-(2,5dimethoxybenzyl)-2-phenoxyaniline ([18F]PBR06)
provided accurate estimates of PBR densities with high
levels of specific biding and, therefore, is suitable for ex-
ploratory studies in human subjects.

MATERIALS AND METHODS
Synthesis of radioligands

PBR06 was labeled by treatment of the bromo pre-
cursor with cyclotron-produced [18F] fluoride ion. Ex-
perimental labeling proceeded in almost quantitative
radiochemical yield (Briard et al., 2005b) (Fig. 1A).

Okubo et al. reported that methyl 2-((N-(2-phenoxy-
phenyl)-acetamido)-methyl)benzoate has high binding

affinity for PBR (Okubo et al., 2004). We also pre-
pared this ligand and its parent carboxylic acid.
Treatment of the acid with [11C]methyl iodide gave
[methyl-11C]methyl 2-((N-(2-phenoxyphenyl)-acetamido)-
methyl)benzoate ([11C]PBR01) (Fig. 1B) in good radio-
chemical yield for evaluation with PET (Briard et al.,
2005a).

The specific radioactivity of [18F]PBR06 and
[11C]PBR01 at the injection was 26.8 6 17.5 and
71.5 6 37.2 GBq/mmol with these and subsequent
data expressed as mean 6 SD, respectively (Table I).

In vitro receptor-binding assays

Following the previously described procedures
(Chaki et al., 1999), we measured the binding affinity
(Ki) of PBR06, PBR01, and PK11195 to displace
[3H]PK 11195 binding to monkey brain mitochondrial
preparations. Ki values for each test compound were
calculated according to the equation of Cheng and
Prusoff (Cheng and Prusoff, 1973), using the KD (dis-
sociation constant of the tritiated radioligand) value
obtained from Scatchard analysis.

The NIMH Psychoactive Drug Screening Program
measured the affinity of PBR06 to a large number of
receptors and transporters that are listed in Results
section. Detailed receptor-binding protocols are avail-
able at their web site (http://pdsp.med.unc.edu).

PET scans

All animal experiments were performed in accord-
ance with the Guide for the Care and Use of Labora-
tory Animals and were approved by the NIMH Ani-
mal Care and Use Committee. We used three rhesus
monkeys (Macacca mulatta, body weight: 12.8 6 2.5
kg) (Table I). Anesthesia was initiated with i.m. injec-
tion of ketamine (10 mg/kg) and then maintained
with 1.6% isoflurane and 98.4% O2. Electrocardio-
graph, body temperature, heart, and respiration rates
were measured throughout the experiment. Body
temperature was maintained at 37.0–37.58C.

We used two PET scanners for this study. The GE
Advance device (General Electric Medical Systems,
Waukesha, WI) has a reconstructed resolution of 7.5-
mm full-width half-maximum in all directions in 3D
mode. The High Resolution Research Tomograph
(HRRT; Siemens/CPS, Knoxville, TN, USA) device has
a reconstructed resolution of 2.5-mm full-width half-
maximum in all directions in 3D mode. After the radio-
pharmaceutical was injected intravenously, coronal sli-
ces covering the whole brain were obtained. PET scans
were acquired for 90–300 min (33–60 frames with scan
duration ranging from 30 s to 5 min). Blocking experi-
ments used either nonradioactive PBR01 (1 mg/kg) or
DAA1106 (3 mg/kg), administered at the same time
(PBR01), or 24-min prior (DAA1106) to the radiotracer
administration (Table I). DAA1106 was used to block

Fig. 1. Structures of [18F]PBR06 and [11C]PBR01.
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[18F]PBR06 binding because nonradiolabeled PBR06
was not available and the kinetics of DAA1106 is slow
enough to block the binding throughout the experi-
ment (Maeda et al., 2004).

Measurement of radiotracer
concentration in plasma

Details of the measurement are as described previ-
ously (Zoghbi et al., 2006). The plasma time-activity
curve was corrected by the amount of unchanged radio-
ligand in plasma. For this purpose, blood samples (0.5
mL each) were drawn at 15-s intervals until 2 min, fol-
lowed by 1-mL samples at 3, 5, 10, 30, 60, 90, and 120
min. Each blood sample was immediately put in hepari-
nized tubes and then separated into plasma and blood
cell fraction by centrifugation. Plasma samples (450 mL)
were mixed with acetonitrile (700 mL) containing refer-
ence PBR06 or PBR01. Distilled water (100 mL) was
added and mixed well. Total radioactivity in this solu-
tion was measured with a calibrated gamma counter.
Deproteinized plasma samples were centrifuged at
10,000g for 1 min to remove denatured proteins. The su-
pernatant was then analyzed directly by reversed phase
high-performance liquid chromatography (HPLC) on
Novapak C18 (Waters, Milford, MA) with a radial com-
pression module RCM-100, eluted with MeOH:H2O:
Et3N (75:25:0.1 by vol. and 80:20:0.1 by vol. for
[18F]PBR06 and [11C]PBR01, respectively) at 2.0 mL/
min. The percent recovery of radioactivity in the super-
natant from each sample was calculated relative to that
in the precipitate, which was 91.6 6 2.4% (n ¼ 64) for
[18F]PBR06 and 91.6 6 1.2% (n ¼ 58) for [11C]PBR01,
respectively. The efficiency of recoveries of plasma
standards that were constructed by adding a known
amount of parent radioactivity and subjected to the
same analytical steps as each plasma sample resulted
in an efficiency of 97.0 6 0.7% (n ¼ 4) and 96.2 6 1.6%
(n ¼ 4) for [18F]PBR06 and [11C]PBR01, respectively.

Image analysis

The tomographic images were analyzed with PMOD
2.65 (pixel-wise modeling computer software; PMOD
Technologies, Adliswil, Switzerland) (Burger et al.,
1998). A summed image from all frames was coregis-
tered to a T1-weighted magnetic resonance (MR) image

acquired separately on a GE 1.5 T Signa MR scanner
(SPGR, TR/TE/flip angle ¼ 13.1 ms/5.8 ms/458, 0.4 �
0.4 � 1.5 mm3 with coronal acquisition on a 256 � 256
� 60 matrix) (GE Medical Systems, Waukesha, WI)
using Statistical Parametric Mapping (SPM) 2 (Well-
come Department of Cognitive Neurology, London,
UK). Regions of interest (ROIs) were defined on the MR
image for the frontal (volume: 222 mm3), temporal (364
mm3), parietal (234 mm3), and occipital (194 mm3) cor-
tices, cerebellum (1,043 mm3), putamen (164 mm3),
thalamus (129 mm3), and choroid plexus of fourth ven-
tricle (81 mm3). To normalize brain uptake relative to
injection activity and the body weight, standardized
uptake values (%SUV) were calculated as (% injected
activity/cm3 brain) � body weight (g).

Estimation of distribution volume with
arterial input function

Time-activity data were analyzed with both one-
and two-tissue compartment models (Cunningham,
1995), using the radiometabolite-corrected plasma
input function. Rate constants (K1, k2, k3, and k4)
were estimated with weighted least squares and the
Marquardt optimizer. Brain date of each frame was
weighed based on the noise equivalent counts.

In the one-tissue compartment model, K1 and k2
are the rate constants governing the transfer of the
ligands in and out of the brain, respectively. In the
two-tissue compartment model, K1 and k2 are the rate
constants governing the transfer of the ligands in and
out of the nondisplaceable compartment, whereas k3
and k4 describe the rate of association and dissocia-
tion to and from the receptor, respectively.

For the one-tissue compartment model,

V ¼ K1=k2

where V is the distribution volume for the single tis-
sue compartment.

For the two-tissue compartment model,

V ¼ K1=k2ð1þ k3=k4Þ:

Nonlinear least-squares analysis was performed
with PMOD 2.65 (Burger et al., 1998).

TABLE I. List of nonhuman primate [11C]PBR01 and [18F]PBR06 PET imaging

PET Ligand Scan No. PET
Scan

length (h)
Animal
No.

Blocking
agent

Blocking dose
(mg/kg)

Specific activity
(GBq/mmol)

Injected activity
(MBq)

[18F]PBR06 1 Baseline GE Advance 2 1 – – 22 215
2 Blocking GE Advance 2 1 DAA 1106 3.0 16 188
3 Baseline HRRT 5 2 – – 53 139
4 Baseline HRRT 5 3 – – 16 102

[11C]PBR01 5 Baseline GE Advance 2.5 3 – – 21 137
6 Blocking GE Advance 1.5 3 PBR01 1.0 110 105
7 Baseline HRRT 3 2 – – 76 175
8 Blocking HRRT 1.5 2 PBR01 1.0 80 182
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Statistical analysis

Goodness-of-fit by nonlinear least squares analysis
was evaluated using the Akaike information criterion
(AIC) (Akaike, 1974) and model selection criterion
(MSC).

AIC is calculated by the following formula,

AIC ¼ nIn
Xn
i¼1

wiðYobsi � YcaliÞ
2

 !
þ 2p

MSC is calculated by the following formula,

MSC ¼ In

Pn
i¼1 wiðYobsi � YobsÞ2Pn
i¼1 wiðYobsi � YcaliÞ

2

 !
� 2p=n

where n is the number of data points, wi is the
weights applied to the points, p is the number of pa-
rameters, Ycali is the value calculated by a model, and
Yobsi is the observed data in an experiment.

MSC is a modification of the AIC. The most appro-
priate model is that with the smallest AIC value and
the largest MSC value. MSC was proposed by Micro-
math Scientific Software (Salt Lake City, Utah) and
implemented in their program, \Scientist."

Goodness-of-fit by one- and two-tissue compartment
models was compared with F statistics (Hawkins
et al., 1986). A value of P < 0.05 was considered sig-
nificant for F statistics.

The standard error of nonlinear least squares esti-
mation for rate constants was given by the diagonal
of the covariance matrix (Carson, 1986) and expressed
as a percentage of the rate constants (coefficient of
variation, %COV). In addition, %COV of distribution
volume (V) was calculated from the covariance matrix
using the generalized form of error propagation equa-
tion (Bevington and Robinson, 2003), where correla-
tions among parameters were taken into account.

RESULTS
Binding characteristics for two aryloxyanilides

PBR06 and PBR01 potently displaced [3H]PK 11195
binding to crude mitochondrial preparations of mon-
key brain. The Ki values of both compounds were sim-
ilar (PBR06; Ki ¼ 0.30 6 0.08 nM and PBR01; Ki ¼
0.24 6 0.04 nM) and of higher affinity than PK 11195
(Ki ¼ 3.48 6 1.26 nM; mean 6 SD from six separate
measurements).

The selectivity of PBR06 was screened at a large
number of receptors and transporters. PBR06 (10
mM) caused less than 50% displacement of specific
binding at the following receptors: serotonin 5HT1a,
5HT1b, 5HT1d, 5HT1e, 5HT2a, 5HT2b, 5HT2c, 5HT3,
5HT5a, 5HT6, 5HT7, adrenergic a1a, a1b, a2a, a2b, a2c,
b1, b2, b3, dopamine D1, D2, D3, D4, histamine H1, H2,
H3, H4, muscarinic cholinergic M2, M5, GABAA recep-

tors composed of a1b1g2, a2b2g2, a5b2g2, and a6b2g2
subunits; dopamine, norepinephrine, and serotonin
transporters.

Pharmacological effects in nonhuman primates

A total of eight PET scans were performed in three
monkeys (Table I). In these PET scans, the injected
mass dose of [18F]PBR06 and [11C]PBR01 was 0.22 6

0.11 and 0.11 6 0.11 mg/kg, respectively. In all base-
line and blocking experiments using DAA1106 (3 mg/
kg) and nonradiolabeled PBR01 (1 mg/kg), the differ-
ences between pre- and postinjection vital signs were:
<15 mm Hg for systemic blood pressure, <10/min for
pulse, <5/min for respiratory rate, and <0.38C for
temperature.

Plasma analysis

After injection of both [18F]PBR06 and [11C]PBR01,
plasma activity of unchanged radioligands peaked at
�2 min and decreased quickly thereafter (Figs. 2C and
3C). The radioactive metabolites increased at late time
points to 70–80% of total plasma activity. The HPLC
retention time for radioactive metabolites and plasma
parent were 2.47 6 0.18 and 6.64 6 0.25 min for PBR06
(N ¼ 63), and 2.47 6 0.19 and 5.56 6 0.38 (N ¼ 55) min
for PBR01, respectively, indicating that the metabolites
were less lipophilic than the parent compounds.

The concentration of parent radiotracer in plasma
markedly increased after administration of the recep-
tor-blocking agent. For example, the concentration of
[18F]PBR06 at 5 min increased from 26 to 101% SUVaf-
ter DAA1106 (3 mg/kg i.v., before radioligand injection;
Fig. 2C and 2D). Similarly, the concentration of
[11C]PBR01 at 5 min increased from 24 to 115% SUVaf-
ter PBR01 (1 mg/kg i.v. administered with the radioli-
gand; Fig. 3C and 3D). PBRs are found in high density
in peripheral organs such as lung and kidney (Anholt
et al., 1986). Receptor-saturating doses of the nonra-
dioactive ligands likely increased the plasma concentra-
tion of radiotracer by blocking these peripheral sites.

Distribution and blockade of brain uptake

In baseline experiments, both radioligands showed
high peak brain uptake (300% SUV) and a wide-
spread distribution, with greater activity in gray than
in white matter (Fig. 4). The choroid plexus in the
fourth ventricle had highest levels of activities at late
time points (Fig. 4), consistent with the known distri-
bution of PBRs.

In blocking experiments, brain activity at early
time points was increased because of elevated plasma
concentrations of radiotracer, as described earlier. For
example, the peak uptake of [18F]PBR06 was �300%
SUV at baseline and �800% SUV after receptor block-
ade (Fig. 2A and 2B). Similarly, the peak uptake of
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[11C]PBR01 was �300% SUV at baseline and �600%
SUV after receptor blockade (Fig. 3A and 3B). Both
[18F]PBR06 and [11C]PBR01 showed average regional
activity washout rates (percentage decreases from
peak uptake times to 120 min) of 18–35% in baseline
and 92–94% in the blocking experiments, in cerebel-
lum, putamen, and choroid plexus of the fourth ven-
tricle, respectively. The effect of receptor blockade in
brain was evident from the faster washout compared
to baseline (Table II). Since brain receptors were
blocked by nonradioactive ligand, the radiotracer was
not significantly retained in brain.

What percentage of brain uptake was displaceable,
i.e., specifically bound to PBRs? Specific binding can
be estimated by comparing brain activity before and
after blockade at later time points when the effects of
blood flow are less prominent. In Figures 2 and 3,
�80 and 60% of total uptake were displaceable for
[18F]PBR06 and [11C]PBR01, respectively. These val-
ues for specific binding are likely underestimations,
since they did not correct for the higher plasma deliv-
ery to brain in the blocked condition. Although this
simple empirical analysis of the brain curves showed
that the majority of brain uptake of both [18F]PBR06

and [11C]PBR01 was displaceable, V from compart-
mental modeling will provide more accurate values,
since they correct for brain uptake relative to the
plasma delivery to brain.

[18F]PBR06: compartmental analysis

Both one- and two-tissue compartment models con-
verged in all regions with 5-h data (scans #3 and 4;
Table I), but the fitting did not converge with only 2-h
data (scan #1). The two-tissue compartment model pro-
vided significantly better fitting in all regions of the
two baseline experiments (Fig. 2A). The MSC (AIC)
values in all regions were 2.09 6 0.50 (1437 6 167) and
4.03 6 0.50 (1334 6 171) for the one- and two-tissue
compartment models, respectively (Tables III and IV).
The two-tissue compartment model identified V well
with 2.8 6 1.0% COV. Therefore, the two-tissue com-
partment model well described the kinetics of
[18F]PBR06 and provided reliable measurements of V.
Averaged V values by two-tissue compartment model
were 60, 80, and 78 mL/cm3 in cerebellum, putamen,
and choroid plexus of the fourth ventricle, respectively
(Table IV).

Fig. 2. Representative [18F]PBR06 brain time-activity curves,
compartmental fittings, and radioligand concentrations in plasma at
baseline (A and C; scan #4, Table I) and after receptor blockade (B
and D; scan #2, Table I). The aryloxyanilide derivative DAA1106 (3
mg/kg i.v.) was injected 24 min before [18F]PBR06 in the blocking
experiment. In the brain curves (A and B), the dashed line is the

one-tissue compartment fitting, and the solid line is the two-tissue
compartment fit. The two-tissue compartmental fitting did not con-
verge in the blocking scan (B). For the plasma curves (C and D),
the inset graphs show the lower plasma activities after 10 min.
Symbols: (3) putamen, (!) plasma parent, and (n) major radiome-
tabolite.
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Fig. 3. Representative [11C]PBR01 brain time-activity curves,
compartmental fittings, and radioligand concentrations in plasma of
baseline (A and C; scan #5, Table I) and after receptor blockade (B
and D; scan #6, Table I). Nonradiolabeled PBR01 (1 mg/kg) was
injected at the same time of [11C]PBR01 injection in the blocking
experiment. In the brain curves (A and B), the dashed line is the

one-tissue compartment fitting, and the solid line is the two-tissue
compartment fit. Two-tissue compartmental fitting did not converge
in the baseline scan (A). For the plasma curves (C and D), the inset
graphs show the lower plasma activities after 10 min. Symbols: (3)
putamen, (!) plasma parent, and (n) major radiometabolite.

Fig. 4. PET averaged images
at late time points for each
PBR baseline scan: A: [18F]PBR06
(200–300 min), scan #3 and B:
[11C]PBR01 (100–150 min), scan
#7 in Table I. These images were
created using averaged HRRT
images at late time points in the
same animal (#2). [11C]PBR01 and
[18F]PBR06 showed high brain
uptake (300% SUV) and wide-
spread distribution in brain, which
is consistent with known distribu-
tion of the receptor. The choroid
plexus of the fourth ventricle
(marked with arrow on sagittal
images) had highest levels of activ-
ities within the skull. Activity is
shown as %SUV, which normalizes
for injected activity and body
weight. %SUV ¼ (% injected activ-
ity/cm3 tissue)3 body weight (g).
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In a blocking experiment (scan #2; Table I), the one-
tissue compartment model fit poorly and had MSC
(AIC) values of 2.57 6 0.61 (725 6 20). The two-tissue
compartment model did not converge in some regions.
Poor identifiability of k4 likely caused the failure of
convergence, since %COV of k4 was as large as 18–
104% in areas where the two-tissue compartment
model fitting converged in the same experiment (Fig.
2B). V values by one-tissue compartment model were
2.0, 2.4, and 2.3 mL/cm3 in cerebellum, putamen, and
choroid plexus of the fourth ventricle, respectively.

By using V values obtained with two-tissue com-
partment model in baseline and with the one-tissue
compartment model in blocking scans, �97% of V in
baseline scans was specific binding. However, this
value was likely overestimated because of the under-
estimation of V values in the blocking scans.

Estimation of minimal scan length
for [18F]PBR06

To investigate the effect of reducing the scan dura-
tion on measurement of V, kinetic analysis was per-
formed with scan durations ranging from 100 to 300

min for [18F]PBR06, with 10–20 min increments. Val-
ues of V obtained with shortened data length were
compared with that obtained with the 300-min data.
Because the two-tissue compartment model well
described the kinetics, it was used to estimate the
minimal scan length for accurate measurement. After
200 min, V by two-tissue compartment model became
independent of scan length in all regions. The results
of the choroid plexus of the fourth ventricle are
shown in Figure 5. Percentage differences in V
obtained with shortened and full length data were
within 610% after 200 min in two baseline experi-
ments in cerebellum, putamen, and choroid plexus of
the fourth ventricle (scans #3 and 4). In these regions,
the COV of V was also less than 10% after 200 min.
Therefore, the value of V was stably and reliably
determined with 200 min of scanning for [18F]PBR06.

[11C]PBR01: compartmental analysis

Although 200-min data acquisition was required for
[18F]PBR06, baseline data of [11C]PBR01 was acquired
for only �150 min because of the short half-life of 11C.
As described below, similar to [11C]PBR01, the one-tis-

TABLE II. Averaged regional peak uptake times and regional activity washout rate

Region

[18F]PBR06 [11C]PBR01

Baseline (N ¼ 3) Blocking (N ¼ 1) Baseline (N ¼ 2) Blocking (N ¼ 2)

Peak
uptake (min)

Washout
(%)

Peak
uptake (min)

Washout
(%)

Peak
uptake (min)

Washout
(%)

Peak
uptake (min)

Washout
(%)

Cerebellum 34 32 3 92 35 35 3 92
Putamen 43 20 2 94 40 18 3 92
Choroid plexus 31 24 2 94 26 31 3 94

Regional activity washout rate: percentage decrease from peak to 120 min.

TABLE III. Results of PBR baseline experiments by one-tissue compartment model

Ligand Region
K1

(mL cm�3 min�1)
k2

(min�1)
V

(mL cm�3) MSC AIC

[18F]PBR06 Cerebellum 0.45 (5.7) 0.009 (6.0) 49 (3.5) 1.76 1463
Putamen 0.45 (2.4) 0.007 (5.2) 65 (3.5) 1.97 1454
Choroid plexus 0.55 (3.2) 0.009 (5.9) 62 (3.7) 1.30 1505

[11C]PBR01 Cerebellum 0.46 (5.8) 0.019 (7.1) 24 (3.1) 2.32 875
Putamen 0.37 (1.8) 0.012 (5.2) 30 (3.9) 2.25 863
Choroid plexus 0.58 (2.5) 0.020 (5.4) 29 (3.6) 1.82 904

Numbers in parentheses indicate identifiably of rate constants expressed as %COV.
MSC, model selection criterion; AIC, akaike information criterion.

TABLE IV. Results of PBR baseline experiments by two-tissue compartment model

Ligand Region
K1

(mL cm�3 min�1)
k2

(min�1)
k3

(min�1)
k4

(min�1)
V

(mL cm�3) MSC AIC

[18F]PBR06 Cerebellum 0.65 (7.2) 0.039 (16.1) 0.028 (14.7) 0.011 (6.5) 60 (2.2) 4.32 1329
Putamen 0.67 (2.6) 0.044 (12.7) 0.043 (13.0) 0.009 (6.2) 80 (2.3) 4.21 1337
Choroid plexus 0.87 (3.1) 0.049 (11.7) 0.033 (13.9) 0.009 (7.8) 78 (3.0) 3.36 1395

[11C]PBR01 Cerebellum 0.58 (2.9) 0.067 (9.2) 0.048 (13.1) 0.011 (38.5) 66 (26.8) 4.35 499
Putamen 0.46 (2.5) 0.068 (12.1) 0.072 (17.2) 0.008 (59.3) 92 (45.0) 3.63 512
Choroid plexus 0.75 (2.6) 0.080 (9.8) 0.051 (15.6) 0.009 (64.7) 100 (49.5) 3.28 551

Numbers in parentheses indicate identifiably of rate constants expressed as %COV.
MSC, model selection criterion; AIC, akaike information criterion.
Results of one scan are shown for [11C]PBR01, where the two-tissue compartment model converged.
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sue compartment model did not provide good fitting.
However, the two-tissue compartment model, for which
longer data acquisition may be required to identify four
parameters, did not converge. Therefore, this ligand
did not provide accurate measurement of PBR binding.

In two baseline experiments (scans #5 and #7), the
one-tissue compartment model converged with poor
fitting and MSC (AIC) values of only 2.18 6 1.00 (873
6 98) (Fig. 3A). Average V values by one-tissue com-
partment model were 24, 30, and 29 mL/cm3 with
good identifiability of 3.1–3.9% COV in cerebellum,
putamen, and choroid plexus of the fourth ventricle,
respectively (Table III). In one of two baseline experi-
ments (scan #5), the two-tissue compartment model
did not converge in most regions. Poor identifiability
of k4 likely caused the lack of convergence, since
%COV of k4 was as large as 69–117% in areas where
the two-tissue compartment fit worked well. There-
fore, V of [11C]PBR01 could not be measured accu-
rately in baseline scans, because two-tissue compart-
ment model did not converge in one experiment, and
one-tissue compartment model apparently underesti-
mated values at late time points (Fig. 3A).

In two blocking experiments (scans #6 and #8), both
one- and two-tissue compartment models converged in
all regions. One of two blocking experiments (scan #6)
showed that two-tissue compartment model provided
significantly better fitting than one-tissue compartment
model (Fig. 3B). The MSC (AIC) values were 3.69 6

0.30 (536 6 10) and 6.02 6 0.44 (473 6 10) for the
one- and two-tissue compartment models, respectively.

Two-tissue compartment V values were 3.0, 3.3, and
3.4 mL/cm3 with good identifiability of 0.9–1.0% COV
in cerebellum, putamen, and choroid plexus of the fourth
ventricle, respectively. In the other blocking scan, where
one- and two-tissue compartmentmodels showed similar
goodness-of-fit, V values by these models were almost
identical with the results of 1.3, 1.4, and 1.3 and 1.3, 1.4,
and 1.4 mL/cm3 with good identifiability of 1.9–6.5%
COV in cerebellum, putamen, and choroid plexus of the
fourth ventricle, respectively.

By comparing V measured with one-tissue compart-
ment model in baseline and two-tissue compartment
model in blocking scans, �92% of total activity repre-
sented specific binding. However, this estimate was
prone to error because of the poor fitting of one-tissue
compartment model. In fact, the percentage of specific
binding was likely underestimated because of the
underestimation of V in the baseline scans.

Comparison of [11C]PBR01 and [18F]PBR06

The brain kinetics of these two ligands was quite
similar, with the exception that the 18F-tracer allowed
longer scans than the 11C-tracer. Both ligands showed
peak brain uptake in the choroid plexus at �30 min,
with 20–30% decrease of brain radioactivity in the
subsequent 90 min (Table II and Fig. 6). In addition,
[18F]PBR06 and [11C]PBR01 showed similar plasma
clearances and had average values of 1250 and
1010 mL/min, respectively.

To assess the effect of scan length on identifiability
of V, we compared the two ligands using only the

Fig. 5. Relationship between V of [18F]PBR06 obtained by a two-
tissue compartment model and the experiment duration in choroid
plexus of the fourth ventricle. Baseline scans were analyzed using
brain data from time zero to the specified time. For all baseline scans,
200 min imaging time provided V within 610% of the values obtained
with the full length data. % difference ¼ [(Vexp � Vfull)/Vfull] 3 100,
where Vexp is the V determined from the shortened data and Vfull is
the V estimated from the full-length data. (*) #3 and (l) #4.

Fig. 6. Normalized brain activities in choroid plexus of the
fourth ventricle for all baseline experiments of [18F]PBR06 (solid
symbols) and [11C]PBR01 (open symbols). Brain activity was nor-
malized to the peak value in each scan and plotted for the initial
120 min. Both [18F]PBR06 and [11C]PBR01 showed peak brain
uptake in the choroid plexus at �30 min, with 20–30% decrease of
brain radioactivity between 30 and 120 min in all experiments.
Scan #1 (n); #3 (~); #4 (!); #5 (&; #7 (~) (Table I).
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initial 120 min of data for each. The one-tissue com-
partment model converged with poor fitting for both
tracers and had average MSC (AIC) values of 2.49
(769) and 2.13 (798) for [18F]PBR06 and [11C]PBR01,
respectively. In addition, most two-tissue compart-
mental fittings did not converge or showed significant
errors compared to the results using 5-h data.

DISCUSSION

Using nonhuman primates, we performed an initial
evaluation of two new PET PBR ligands that have an
aryloxyanilide structure. For both [18F]PBR06 and
[11C]PBR01, imaging with a receptor-blocking agent
caused quick washout of activity from the brain indi-
cating high levels of specific binding (Table II, Figs.
2B and 3B). Receptor blockade also caused a marked
increase of the concentration of radiotracer in plasma,
and analysis of only the brain curves would underes-
timate the percentage of specific binding. Thus, we
estimate specific binding with V, which normalized
brain uptake relative to the plasma concentration of
radiotracer. Comparison of V in both baseline and
blocked scans showed that as much as �90% of
total binding was specific for both [18F]PBR06 and
[11C]PBR01 in nonhuman primate brain. V of [11C]-
PBR01 was inaccurately estimated in the baseline
scans (Fig. 3A), possibly because of the short half-life
of 11C relative to ligand washout. On the other hand,
V for [18F]PBR06 showed good fitting (Fig. 2A) with
high identifiability (Table III), and the estimates were
independent of scan length after 200 min (Fig. 5).
Therefore, [18F]PBR06 is a promising ligand to detect
changes in PBR in neuroinflammation and should be
further tested in humans.

PBR has fairly uniform and widespread distribution
in human brain as shown by in vitro autoradiography
(Doble et al., 1987), but detailed distribution of PBR in
nonhuman primate brain has not been reported with in
vitro experiments. The current study in monkey brain
showed widespread distribution of radioligand uptake
(Fig. 4), which was displaced to uniform low levels of
nonspecific and free radiotracer (Fig. 2B and 3B). In
addition, both the current study (Fig. 4) and an in vitro
experiment using [3H]1-(2-chlorophenyl)-N-methyl-N-
(1-methylpropy)-3-isoquinolinecarboxamide ([3H]Ro5-
4864) showed a high density PBR in the choroid plexus
of rhesus monkey (Cymerman et al., 1986). Because of
the widespread distribution of PBRs in brain and the
absence of a large receptor-free region, we did not
attempt to use reference tissue models.

We initiated the study with the GE Advance and sub-
sequently acquired data with the higher resolution Sie-
mens HRRT. We think that the use of two cameras did
not confound the interpretation of the results for large
ROIs, since both were calibrated relative to the same
phantom. In addition, most comparisons between stud-

ies (e.g., baseline versus blocked) used the same device.
Nevertheless, differences in resolution could affect
quantitation of small targets like the choroid plexus of
the fourth ventricle. Measured as the full-width at half
maximum, the resolution of the GE Advance and
HRRT is 7.5 and 2.5 mm, respectively. The results of
the choroid plexus described earlier were obtained
using ROIs with an average volume of 81 mm3. To
assess the effect of greater spatial resolution, images
from both cameras were reanalyzed using smaller
ROIs with an average volume of 16 mm3. Even for this
visually detectable smallest structure, the small and
large ROIs gave similar values for the HRRT and GE
Advance, with average differences of 1.9 and 1.7% in V,
respectively. Thus, differences between cameras due to
spatial resolution were small for all regions larger than
the choroid plexus ROI. The density of [3H]Ro5-4864
binding sites in monkey choroid plexus was 1.8-fold
higher than that in cerebellum (Cymerman et al.,
1986). On both cameras, the study showed slightly
lower but similar ratios of �1.3 in choroid plexus/cere-
bellum using V values of [18F]PBR06 measured by the
two-tissue compartment model (Table IV). The lower in
vivo ratio may have been caused by nondisplaceable ac-
tivity in the PET measurement and differences
between in vitro and in vivo experimental conditions,
including temperature and anesthesia.

[11C]PBR01 did not provide accurate measurement of
V because of poor fitting by the one-tissue compartment
(Fig. 3A) and the failure of convergence by the two-tis-
sue compartment model. The reasons for the poor fit-
ting were unclear but could include the possible pres-
ence of radiometabolite in brain or slow dissociation of
the radioligand from the receptor. In contrast, V of
[18F]PBR06 could be reliably quantified with the two-
tissue compartment model. Furthermore, the two-tis-
sue compartment model was significantly better than
the one-tissue compartment fitting, indicating that the
[18F]PBR06 did not distribute instantaneously in all
tissue compartments. Nevertheless, accurate quantifi-
cation of nonspecific binding was complicated by the
fact that the blockade caused a marked increase of the
radiotracer in plasma (Fig. 2C and 2D). We used a one-
tissue compartment model to quantify nondisplaceable
uptake, i.e., nonspecific binding plus free radiotracer in
brain. These results suggested that the nondisplace-
able distribution volume of [18F]PBR06 was extremely
small (2.3 mL/cm3 in choroid plexus; data not shown)
compared to that the two-tissue compartment model in
baseline condition (78 mL/cm3 in choroid plexus; Table
IV). We suspect the nondisplaceable distribution vol-
ume was underestimated because the fitted line was
lower than the measured radioactivity values, espe-
cially at later time points (Fig. 2B). One potential rea-
son for the somewhat poor fitting of the latter time
points in the blocked state (Fig. 2B) would be the pres-
ence of radiometabolite in the brain. Although the radi-
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oactive metabolites were relatively less lipophilic than
the parent compounds but still with the ability to enter
the brain, their plasma levels increased at later time
points to constitute 70–80% of total plasma activity
and might have entered the brain slowly over time.

We found that [18F]PBR06 provided more accurate
measurement of PBR than [11C]PBR01, but we were
able to image 18F activity longer than 11C. Thus, the
superiority of [18F]PBR06 relative to [11C]PBR01 may
have been because of the longer half-life of 18F and
not solely because of its chemical and pharmacological
properties. In fact, both ligands showed similar clear-
ance, time to peak of brain activities, and washout
rates (Table II and Fig. 6). Moreover, by using 120-
min data of both ligands, kinetics was not well
described by one- and two-tissue compartment models
compared to the results using 5-h data (Fig. 5). In
other words, if both ligands were analyzed for the
same period of time (120 min), they showed similar
kinetics as well as comparable deficiencies with com-
partmental quantitation.

Two aryloxyanilide compounds, [11C]DAA1106 and
[18F]FEDAA1106, were previously shown to label
PBRs in monkey brain (Maeda et al., 2004; Zhang
et al., 2004). The proportion of specific binding was
not performed in same way that we did, i.e., compart-
mental modeling with arterial input to correct for dis-
placement from peripheral sites. Nevertheless, these
ligands appear to have similarly high proportion of
specific binding based on displacement studies.

In conclusion, [18F]PBR06 showed sufficient signal
and appropriate kinetics to allow quantitative analy-
sis of the total brain uptake (specific plus nondis-
placeable radioactivity) with 200 min of imaging in
nonhuman primate brain. The high proportion of spe-
cific relative to nonspecific binding should provide
high sensitivity to detect small changes in PBRs in
brain. Moreover, 18F is more convenient than 11C by
allowing multiple injections from a single synthesis
during the course of a day or shipment of the radio-
pharmaceutical to distant facilities.
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